The light scalar mesons, discovered forty years ago, became a challenge for the naive quarkantiquark model from the outset. At present the nontrivial nature of these states is no longer denied practically anybody. We review a substantial contribution of the two-photon physics to understanding the nature of the light scalar mesons and new results for their two-photon production mechanisms, based on the analysis of current experimental data.
I. INTRODUCTION
The scalar channels in the region up to 1 GeV became a stumbling block of QCD because both perturbation theory and sum rules do not work in these channels. 1 At the same time the question on the nature of the light scalar mesons is major for understanding the mechanism of the chiral symmetry realization, arising from the confinement, and hence for understanding the confinement itself.
Hunting the light σ and κ mesons had begun in the sixties already and a preliminary information on the light scalar mesons in Particle Data Group (PDG) Reviews had appeared at that time (see, for example, Rosenfeld et al., 1965 Rosenfeld et al., , 1967 ; Barash-Schmidt et al., 1969). The theoretical ground for a search for scalar mesons was the linear σ model (LSM) (Gell-Mann and Levy, 1960 ; Gell-Mann, 1964; Levy, 1967) , which takes into account spontaneous breaking of chiral symmetry and contains pseudoscalar mesons as Goldstone bosons. The surprising thing is that after ten years it has been made clear that LSM could be the low energy realization of QCD. At the end of the sixties and at the beginning of the seventies ( Rosenfeld et al., 1967 ; Barash-Schmidt et al., 1969 ; Rittenberg et al., 1971; Lasinski et al., 1973) there were discovered the narrow light scalar resonances, the isovector a 0 (980) and isoscalar f 0 (980).
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As for the σ and κ mesons, long-standing unsuccessful attempts to prove their existence in a conclusive way entailed general disappointment and an information on be not observed at all because the differential probabilities of these decays vanish proportionally cubic function of a photon energy in a soft photon region for gauge invariance (Achasov and Ivanchenko, 1989; Achasov and Gubin, 2001; , see next Section. The principal role of the chiral background in the fate of the σ(600) resonance was demonstrated in the linear σ model Shestakov, 1994a, 2007) . The solitary resonance approximation is nothing more than an academic exercise in the light scalar meson case. 2 In 1977 Jaffe noted that in the MIT bag model, which incorporates confinement phenomenologically, there are light fourquark scalar states (Jaffe, 1977) . He suggested also that a 0 (980) and f 0 (980) might be these states with symbolic structures: a 2 these states disappeared from PDG Reviews. One of principal reasons against the σ and κ mesons was the fact that both ππ and πK scattering phase shifts do not pass over 90 0 at putative resonance masses. Nevertheless, experimental and theoretical investigation of processes, in which the σ and κ states could reveal themselves, had been continued.
Situation changes when we showed that in LSM there is a negative background phase in the ππ → ππ scattering amplitude (Achasov and Shestakov, 1994a ) which hides the σ meson with the result that the ππ scattering phase shift does not pass over 90 0 at putative resonance masses. It has been made clear that shielding wide lightest scalar mesons in chiral dynamics is very natural. This idea was picked up and triggered new wave of theoretical and experimental searches for the σ and κ mesons (see, for example, Sannino and Schechter, 1995; Törnqvist, 1995; Ishida, Ishida, Takahashi, Ishida, Takamatsu, and Tsuru, 1996; Harada, Sannino, and Schechter, 1996; Black, Fariborz, Schechter, 1998, 1999; Ishida, 2000) . As a result the light σ resonance, since 1996, and the light κ resonance, since 2004, appeared in PDG Reviews.
By now there is an impressive amount of data about the light scalar mesons Spanier, Törnqvist, and Amsler, 2008) . The nontrivial nature of these states is no longer denied practically anybody. In particular, there exist numerous evidences in favour of their four-quark structure. These evidences are widely covered in the literature (see, for example, Montanet, 1983, Achasov, Devyanin, and Shestakov, 1984a; Achasov and Ivanchenko, 1989; Achasov, 1990 Achasov, , 1998 Achasov, , 1999 Achasov, , 2001 Achasov, , 2003a Achasov, , 2003b Achasov, , 2003c Achasov, , 2004a Achasov, , 2004b Achasov, , 2006 Achasov, , 2008a Achasov, , 2008b Shestakov, 1991, 1999 ; Delbourgo and Scadron, 1998; Godfrey and Napolitano, 1999; Tuan, 2001 One of them is the suppression of the a 0 (980) and f 0 (980) resonances in the γγ → π 0 η and γγ → ππ reactions, respectively, predicted in 1982 Shestakov, 1982a, 1982b ) and confirmed by experiment . The elucidations of the mechanisms of the σ(600), f 0 (980), and a 0 (980) resonance production in the γγ collision and their quark structure are intimately related. That is why the studies of the two-photon processes are the important part of the light scalar meson physics.
Recently a qualitative leap had place in the experimental investigations of the γγ → ππ processes (Mori et al., 2003; Uehara et al., 2008 ) that proved the theoretical expectations based on the four-quark nature of the light scalar mesons Shestakov, 1982a, 1982b) In the given paper there are presented the results of the investigation the mechanisms of the γγ → π + π − and γγ → π 0 π 0 reactions (see Section III) based on the analysis Shestakov, 2008a, 2008b) of the data Belle (Mori et al., 2007b; Uehara et al., 2008) and our previous investigations of the scalar meson physics in the γγ-collisions (Achasov, Devyanin, and Shestakov, 1982a , 1982b Achasov and Shestakov, 1988 , 1994b . We also briefly (sometimes critical) survey analyses of other authors.
The joint analysis of the Belle high-statistics data on the γγ → π + π − and γγ → π 0 π 0 reactions is presented and the principal dynamical mechanisms of these processes are elucidated in the energy region up to 1.5 GeV. It is shown that the direct coupling constants of the σ(600), f 0 (980), and a 0 (980)resonances with the γγ system are small with the result that their decays in the two photon are the four-quark transitions caused by the rescatterings σ → π + π − → γγ, f 0 (980) → K + K − → γγ and a 0 (980) → K + K − → γγ in contrast to the two-photon decays of the classic P wave tensormesons a 2 (1320), f 2 (1270) and f ′ 2 (1525), which are caused by the direct two-quark transitions→ γγ in the main. It is obtained the two-photon widths averaged over resonance mass distributions Γ f0→γγ ππ ≈ 0.19 keV, Γ a0→γγ πη ≈ 0.125 keV and Γ σ→γγ ππ ≈ 0.45 keV. In addition, the f 2 (1270) → γγ width is obtained Γ f2→γγ (m 2 f2 ) ≈ 3.8 keV. We attend also to the additional possibilities of the investigation of the a 0 (980) and f 0 (980) resonances in the γγ → π 0 η and γγ → KK reactions, which are as yet little studied experimentally (see Section IV).
II. SPECIAL PLACE OF THE LIGHT SCALAR MESONS IN THE HADRON WORLD, EVIDENCES OF THEIR FOUR-QUARK STRUCTURE
Even a cursory examination of PDG Reviews gives an idea of the four-quark structure of the light scalar meson 3 nonet 3 , σ(600), κ(800), a 0 (980), and f 0 (980), 
inverted (Achasov and Shestakov, 1999) in comparison with the classical P wavetensor meson nonet f 2 (1270), a 2 (1320), K * 2 (1420), and f
or also in comparison with the classical S wave vector meson nonet ρ(770), ω(782), K * (892), and φ(1020). 4 In the naive quark model such a nonet cannot be understood as the P wavenonet, but it can be easy understood as the S wave q 2q2 nonet, where σ(600) has no strange quarks, κ(800) has the s quark, a 0 (980) and f 0 (980) have the ss pair.
The scalar mesons a 0 (980) and f 0 (980), discovered about forty years ago, became the hard problem for the naivemodel from the outset. 5 Really, on the one hand the almost exact degeneration of the masses of the isovector a 0 (980) and isoscalar f 0 (980) states revealed seemingly the structure a + 0 (980) = ud, a 0 0 (980) = (uū -dd)/ √ 2, a − 0 (980) = dū and f 0 (980) = (uū + dd)/ √ 2 similar to the structure of the vector ρ and ω or tensor a 2 (1320) and f 2 (1270) mesons, but on the other hand, the strong coupling of the f 0 (980) with the KK channel as if suggested 3 To be on the safe side, notice that the linear σ model does not contradict to non-qq nature of the low lying scalars because Quantum Fields can contain different virtual particles in different regions of virtuality. 4 In Eqs. (1) and (2) Estabrooks (1979) , Achasov, Devyanin, and Shestakov (1979) . In the last-named paper there was theoretically discovered the fine threshold phenomenon of the a 0 (980) − f 0 (980) mixing which breaks the isotopic invariance (see also Achasov, Devyanin, and Shestakov, 1981b a considerable part of the strange pair ss in the wave function of the f 0 (980). At the beginning of eighty it was demonstrated in a series of papers (Achasov, Devyanin, and Shestakov, 1980a , 1980b , 1981a , 1981b , 1981c , 1984a , 1984b ) that data on the f 0 (980) and a 0 (980) resonances, available at that time, can be interpreted in favour of the q 2q2 model, i.e., can be explained by using coupling constants of the f 0 (980) and a 0 (980) states with pseudoscalar mesons superallowed by the Okubo-Zweig-Iizuka (OZI) rule as it is predicted by the q 2q2 model. In particular, in these papers there were obtained and specified formulae for scalar resonance propagators with taking into account corrections for finite width in case of strong coupling with two-particle decay channels. Late on, these formulae were used in fitting data of a series of experiments on the f 0 (980) and a 0 (980) resonance production (see, for example, Achasov et al., 1998a Achasov et al., , 1998b Achasov et al., , 2000a . Recently, it was shown that the above scalar resonance propagators satisfy the Källen-Lehmann representation in the domain of coupling constants usually used (Achasov and Kiselev, 2004) .
At the end of eighties it was shown that the study of the radiative decays φ → γa 0 → γπη and φ → γf 0 → γππ can shed light on the problem of a 0 (980) and f 0 (980) mesons (Achasov and Ivanchenko, 1989) . Over the next ten years before experiments (1998) the question was considered from different points of viev (Bramon, Grau, and Pancheri, 1992; Close, Isgur, and Kumano, 1993; Lucio and Napsuciale, 1994; Achasov, 1995; Achasov and Gubin, 1997, 1998; Achasov, Gubin, and Shevchenko, 1997; Achasov, Gubin, and Solodov, 1997). Now these decays have been studied not only theoretically but also experimentally with the help of the SND (Achasov et al., 1998a (Achasov et al., , 1998b (Achasov et al., , 2000a (Achasov et al., , 2000b ) and CMD-2 (Akhmetshin et al., 1999a (Akhmetshin et al., , 1999b detectors at Budker Institute of Nuclear Physics in Novosibirsk and the KLOE detector at the DAΦNE φ-factory in Frascati (Aloisio et al., 2002a (Aloisio et al., , 2002b Ambrosino et al., 2006 Ambrosino et al., , 2007a Ambrosino et al., , 2007b Ambrosino et al., , 2009a Ambrosino et al., , 2009b Bini, 2008; Bossi et al., 2008) . These experimental data called into being a series of investigations (Achasov and Gubin, 2001 , Achasov 2003a , 2003b , Achasov and Kiselev 2003 in which evidences for the four-quark nature of the f 0 (980) and a 0 (980) states were obtained. Note the clear qualitative one. The isovector a 0 (980) resonance is produced in the radiative φ meson decay as intensively as the isoscalar η ′ (958) meson containing ≈ 66% of ss, responsible for the φ ≈ ss → γss → γη ′ (958) decay. In the two-quark model, a 0 0 (980) = (uū − dd)/ √ 2, the φ ≈ ss → γa 0 (980) decay should be suppressed by the OZI rule. So, experiment, probably, indicates for the presence of the ss pair in the isovector a 0 (980) state, i.e., for its four-quark nature. When basing the experimental investigations (Achasov and Inanchenko, 1989) , it was suggested the kaon loop model Fig. 1 . This model is used in the data treatment and is ratified by experiment, see 
The universal in the
is drawn with the solid line. The contributions of the imaginary and real parts of g(m) are drawn with the dashed and dotted lines, respectively. 6 Here m is the invariant mass of the ab-state, R = a 0 (980) or
ping the impetuous increase of the function (ω(m)) 3 at ω(990 MeV)=29 MeV is the crucial point in the data description. The K + K − loop model solves this problem in the elegant way, see Fig. 3 , (Achasov and Gubin, 2001; Achasov, 2001 Achasov, , 2003a Achasov, , 2003b . In truth this means that a 0 (980) and f 0 (980) resonances are seen in the radiative decays of φ meson owing to the K + K − intermediate state, otherwise the maxima in the spectra would be shifted to 900 MeV. So the mechanism of the a 0 (980) and f 0 (980) mesons production in the φ radiative decays is established at a physical level of proof at least.
Both real and imaginary parts of the φ → γR amplitude are caused by the ( Achasov, 2001 ( Achasov, , 2003a ( Achasov, , 2003b . Needless to say, radiative four-quark transitions can happen between twostates as well as betweenand q 2q2 states but their intensities depend strongly on a type of the transitions. A radiative four-quark transition between twostates requires creation and annihilation of an additionalpair, i.e., such a transition is forbidden according to the OZI rule, while a radiative four-quark transition betweenand q 2q2 states requires only creation of an additionalpair, i.e., such a transition is allowed according to the OZI rule. The consideration of this question from the large N C expansion standpoint supports a suppression of a radiative four-quark transition between twostates in comparison with a radiative four-quark transition betweenand q 2q2 states. So, both intensity and mechanism of the a 0 (980) and f 0 (980) production in the radiative decays of the φ(1020) meson indicate for their four-quark nature.
Note also that the absence of the decays J/ψ → γf 0 (980), J/ψ → a 0 (980)ρ, J/ψ → f 0 (980)ω against a background of the rather intensive decays into the corresponding classical P wave tensorresonances J/ψ → γf 2 (1270) (or even J/ψ → γf ′ 2 (1525)), J/ψ → a 2 (1320)ρ, J/ψ → f 2 (1270)ω intrigues against the P wavestructure of the a 0 (980) and f 0 (980) states (Achasov, 1998 (Achasov, , 2003c .
III. LIGHT SCALARS IN THE LIGHT OF TWO-PHOTON COLLISIONS

A. History of Investigations
Experimental investigations of light scalar mesons in the γγ → π + π − , γγ → π 0 π 0 and γγ → π 0 η reactions with the e + e − -colliders began in eighties and have continued up to now. In first decade many groups, DM1, DM1/2, PLUTO, TASSO, CELLO, JADE, Crystal Ball, MARK II, DELCO, and TPC/2γ, took part in that. Only Crystal Ball and JADE could studied the π 0 π 0 and π 0 η channels, the others (and JADE) the π + π − channel. For those who wish to read more widely in the contribution Tables I and II. It is reasonable that first conclusions had a qualitative character and data on the f 0 (980) → γγ decay width had large errors or were upper bounds. Note as a guide that the TASSO and Crystal Ball results, see Table II , based on the integral luminosity equals to 9.24 pb −1 and 21 pb −1 respectively. As for the a 0 (980) resonance, it was observed in the γγ → π 0 η reaction only in two experiments. The Crystal Ball group (Antreasyan at al., 1986) collected during two years the integral luminosity of 110 pb −1 , selected at that 336 events relevant to the γγ → π 0 η reaction in the a 0 (980) and a 2 (1320) region, see Cordier, 1985; Erne, 1985) . After, the JADE group (Oest et al., 1990 , see also Kolanoski, 1988 ) obtained Γ a0→γγ = (0.28±0.04±0.10)/B(a 0 → π 0 η) keV based on the integral luminosity 149 pb −1 and 291 γγ → π 0 η events. The Crystal Ball and JADE data on the a 0 (980) → γγ decay have aroused keen interest (see, for example, Kolanoski, 1986 Kolanoski, , 1988 Kolanoski, , 1991 Kolanoski, 1984 Kolanoski, , 1988 . Although the statistical significance of the f 0 (980) sig- Kolanoski, 1986; Barnes, 1985 Barnes, , 1992 As mentioned above, in the beginning of eighties it was predicted Shestakov, 1982a, 1982b ) that, if the a 0 (980) and f 0 (980) mesons are taken as a four-quark states from the lightest nonet of the MITbag (Jaffe, 1977 ), their production rates should be suppressed in photon-photon collisions by a factor ten in relation to the a 0 (980) and f 0 (980) mesons taken as twoquark P wave states. The estimates obtained for the four-quark model were (Achasov, Devyanin, and Shestakov, 1982a, 1982b)
which were supported by experiments. As for themodel, it predicted that Kolanoski, 1991; Munz, 1996; Achasov, 1998) . This suggested that Γ f0→γγ ≥ 3.4 keV and Γ a0→γγ ≥ 1.3 keV.
One dwells else on predictions of the molecule model in which the a 0 (980) and f 0 (980) resonances are nonrelativistic bound states of the KK system Isgur, 1982, 1990) . As the q 2q2 model, the molecule one explains the state mass degeneracy, their strong coupling with the KK channel. As in the four-quark model, in the molecular one no questions arise with the small rates Achasov, 1998 . However, the predictions of this model for the two-photon widths (Barnes, 1985 (Barnes, , 1992 ,
are rather big, within two standard deviations contradict the experiment data from Table III . More than that, the widths of KK molecules must be smaller (strictly speaking, much smaller) than the binging energy ǫ ≈ 10 MeV. Recent data , however, contradict this, Γ a0 ∼ (50−100) MeV and Γ f0 ∼ (40−100) MeV. The KK molecule model predicted also (Achasov and Gubin, 1997; Achasov, Gubin, and Shevchenko, 1997) that . In addition, recently Kiselev, 2007b, 2008) it was shown that the kaon loop model, ratified by experiment, describes production of a compact state and not an extended molecule. Finally, experiments in which the a 0 (980) and f 0 (980) mesons were produced in the π − p → π 0 ηn (Dzierba, 1995; Alde et al., 1999) and
, 1995, 1998; Gunter et al., 2001) reactions within a broad range of four-momentum transfer squares, 0 < −t < 1 GeV 2 , have shown that these states are compact, e.g. as two-quark ρ and other mesons and not as extended molecule ones with form factors determined by the wave functions. These experiments have left no chances for the KK-molecule model. As to fourquark states, they are as compact as two-quark states 9 .
Particle Data Group gives information on an average value of Γ f0→γγ beginning from 1992. Note that no new experimental data on Γ f0→γγ emerged from 1992 up to 2006, nevertheless, its average value, adduced by PDG, evolved noticeably in this period. Based on the data in Table III , the Γ f0→γγ value would be (0.26 ± 0.08) keV. In 1992 PDG obtained the average value Γ f0→γγ = (0.56 ± 0.11) keV (Hikasa et al., 1992) combining the JADA (1990) result, see Table III , with the value Γ f0→γγ = (0.63±0.14) keV, which was found by Morgan and Pennington (1990) To the effect that happened later to the average value Γ f0→γγ and can else happens to the one, we are going to tell in the following subsections.
B. Current Experimental Situation
In 2007 the Belle collaboration published the data on cross section of the γγ → π + π − reaction in the region of the π + π − invariant mass, √ s, from 0.8 up 1.5 GeV based on the integral luminosity 85.9 fb −1 (Mori et al., 2007a (Mori et al., , 2007b . These data are shown on Fig. 6 . Thanks to the huge statistics and high energy resolution in the Belle ex-9 A KK formation of unknown origin with the relativistic average Euclidean momentum square < k 2 >≈ 2 GeV 2 was considered recently and named "a KK molecule" (Branz, Gutsche, Lyubovitskij, 2008) . Such a free use of the molecule term can mislead readers considering a molecule as an extent nonrelativistic bound system. Table IV The current data on the γγ width of the f0(980). The current information about Γ f0→γγ are adduced in Table IV . The Belle collaboration determined Γ f0→γγ (see Table IV C. Dynamics of the Reactions γγ → ππ
Born Contributions and Angular Distributions
To feel the values of the cross sections measured by experiment, in Fig. 7 (a) the total Born cross section of the
, and the partial helicity ones, σ Born λ , are adduced as a guide, where λ = 0 or 2 is the absolute value of the photon helicity difference. These cross sections are caused by the point-like one-pion exchange, see Fig. 8 .
By the Low theorem 10 and chiral symmetry 11 , the Born contributions should dominate near the threshold region of the γγ → π + π − -reaction. As shown in Fig. 7 (a), this anticipation does not contradict the current data near threshold, but, certainly, errors leave much to be desired. In additional, one can consider the Born contri- 10 According to this theorem (Low, 1954 ; Gell-Mann and Goldberger, 1954; Abarbanel and Goldberger, 1968), the Born contributions give the exact physical amplitude of the crossing reaction γπ ± → γπ ± close to its threshold. butions as an reasonable approximation of background (non-resonance) contributions in the γγ → π + π − amplitudes in all the resonance region, including the f 2 (1270) one. The Born contributions are also the base for a construction of amplitudes, including strong interactions in final state (see, for example, Mennessier, 1983; Lyth, 1984 Lyth, , 1985 Johnson, 1986; Morgan and Pennington, 1987 value is approximately 80 percent caused by the D wave amplitude, its interference with the contribution of higher waves are considerable in the differential cross section dσ Born (γγ → π + π − )/d| cos θ|, compare Figs. 9(a) and 9(b). The interference, destructive in the first half of the | cos θ| ≤ 0.6 interval and constructive in the second one, flattens out the θ angle distribution in this interval, so that this effect increases with increasing √ s, see Fig.  9(a) .
Since the first resonance with 
where S and D 0 (D 2 ) are the S and D wave amplitudes with the helicity λ = 0 (2), Y m J are the spherical harmonics. 12 But, the above discussion shows that the smooth background contribution in the γγ → π + π − -cross section contains the high partial wave due to the one-pion exchange, so that the smooth background can imitate the large S wave at | cos θ| ≤ 0.6.
The one-pion exchange is absent in the γγ → π 0 π 0 channel and the representation of the cross section of this reaction similar to Eq. (6) is a good approximation at √ s ≤ 1.5 GeV
where S and D 0 ( D 2 ) are the S and D wave amplitudes with the helicity λ = 0 (2). Nevertheless, the partial wave analysis of the γγ → π 0 π 0 events, based on Eq. (7), is not prevented from difficulties for the relation √ 6|Y . So, the separation of the contributions with the different helicities requests some guesswork, for example, the domination of the helicity 2 in the f 2 (1270) resonance production (Krammer and Krasemann, 1978; Krammer, 1978; Krasemann and Vermaseren, 1981 ; Li, Close, and Barnes, 1991 ) that agrees rather well with the experimental angle distribution.
The dσ(γγ → π 0 π 0 )/dΩ differential cross section in Eq. (7) is a polynomial of the second power of z = cos 2 θ, which can be expressed in terms of its roots z 1 and z * 1 ,
where C is a real quantity. So, from fitting experimental data on the differential cross section one can determine only three independent parameters, for example, C, Rez In Fig.10 the Belle data on the anglular distributions in γγ → π 0 π 0 are adduced at three value of √ s. All of them are described very well by the simple two-parameter expression |a| 2 + |b Y 2 2 | 2 (Achasov and Shestakov, 2008b ). This suggests that the γγ → π 0 π 0 cross section is saturated only by the S and D 2 partial wave contributions at √ s < 1.5 GeV.
Production Mechanisms of Scalar Resonances
Expectation of the Belle data and their advent have called into being a whole series of theoretical papers which study dynamics of the f 0 (980) and σ(600) production in the γγ → ππ processes by various means and discuss the nature of these states (Achasov and Shes The main lesson from the analysis of the production mechanisms of the light scalars in the γγ-collisions is the following (Achasov, 2008a (Achasov, , 2008b ). The classical P wave tensor qqmesons f 2 (1270), a 2 (1320) and f ′ 2 (1525) are produced in the γγ collisions due to the direct γγ →transitions in the main, whereas the light scalar mesons σ(600), f 0 (980), and a 0 (980) are produced by the rescat-
.e., due to the four quark transitions. As to the direct transitions γγ → σ, γγ → f 0 , and γγ → a 0 , they are negligible, as it is expected in four-quark model. This conclusion introduces a new seminal view of the γγ → ππ reaction dynamics at low energy. Let us dwell on this point.
Recall elementary ideas of interactions of C even mesons with photons based on the quark model (Kolanoski, 1984 (Kolanoski, , 1988 Kolanoski and Zerwas, 1987; Amsler et al., 2008) . Coupling of the γγ-system with the classicalstates, to which the light pseudoscalar (J P C = 0 −+ ) and tensor (2 ++ ) mesons belong, are proportional to four power of charges of constituent quarks.
Only the width of the π 0 → γγ decay is evaluated from the first principles (Adler, 1969; Bell and Jackiw, 1969; Bardeen, Fritzsch, and Gell-Mann, 1972; Leutwyler, 1998) . Γ π 0 →γγ is determined completely by the AdlerBell-Jackiw axial anomaly and in this case the theory (QCD) is in excellent agreement with the experiment (Ioffe and Oganesian, 2007; Bernstein, 2007) . The relations between the widths of the π 0 → γγ, η → γγ, and η ′ → γγ decays are obtained in themodel with taking into account the effects of the η − η ′ mixing and the SU (3) symmetry breaking (Kolanoski and Zerwas, 1987; Leutwyler, 1998; Feldmann, 2000) .
As for the tensor mesons, in the ideal mixing case, i.e., if f 2 = (uū + dd)/ √ 2 and f ′ 2 = ss, the quark model predicts the following relations for the coupling constant squares:
Though absolute values of the two-photon widths of the tensor meson decays cannot be obtained from the first principles (Berger and Feld, 1973 (9) is borne out by experiment. As for the practically model-independent prediction of themodel g 14 this agrees with experiment rather well (Amsler, 2008) . This implies that the final state interaction effects are small, in particular, the contributions of the f 2 (1270) → π + π − → γγ rescattering type are small in comparison with the contributions of the direct qq(2 ++ ) → γγ transitions.
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The observed smallness of the a 0 (980) and f 0 (980) meson two-photon widths in comparison with the twophoton tensor meson ones and thus the failure of themodel prediction of the relation (4) between the widths of the direct 0 ++ and 2 ++ → γγ transitions point to that a 0 (980) and f 0 (980) are not the quark and antiquark bound states.
16
If thecomponent is practically absent in the wave functions of the light scalars and in their q 2q2 component the white neutral meson pairs are practically absent too, as in the MIT-bag model, then the σ(600) → γγ, f 0 (980) → γγ, and a 0 (980) → γγ-decays could be the four-quark transitions caused by the rescatterings σ(600
Already in 1998 we considered such a scenario extensively (Achasov and Shestakov, 1988) analyzing the Crystal Ball data (Antreasyan et al., 1986) on the a 0 (980) resonance production in the γγ → π 0 η reaction. Fifteen years later, when the preliminary high statics Belle data 14 The deviation from the ideal f 2 (1270)−f ′ 2 (1525) mixing increases g f 2 γγ by less than 3% and the small difference of the f 2 (1270) and a 2 (1320) masses allows to expect for its small effect also. 15 Evaluations, see below, show such is indeed the case. 16 As to the idealmodel prediction g 2 f 0 γγ : g 2 a 0 γγ = 25 : 9, this excluded by experiment also.
− mechanism, could play in this process (Achasov and Shestakov, 2005) . As a result we showed that just this mechanism gives a reasonable scale of the f 0 (980) manifestation in the γγ → π + π
The above considerations about dynamics of the σ(600), f 0 (980), and f 2 (1270) resonance production were developed in analyzing the final high-statistics Belle data Shestakov, 2008a, 2008b ) on the γγ → π + π − and γγ → π 0 π 0 reactions, to a discussion of which we proceed.
D. Analysis of the New High-Statistics Belle Data
As noted above, the S and D λ=2 partial wave contributions dominate in the Born cross sections σ Born 0 and σ Born 2 respectively in region of interest, √ s < 1.5 GeV, and the ππ interaction is strong also in the S and D waves only in this region, that is why the final state strong interaction modifies these Born contribution in γγ → π + π − essentially. 18 In addition, the inelastic γγ (10) and (11) for amplitudes γγ → π + π − .
rescattering plays the important role in the f 0 (980) resonance region (for the first time this process was noted by Shestakov, 1982a, 1982b) .
So, we use the model of the helicity, M λ , and partial, M λJ , amplitudes of γγ → ππ in which the Born pointlike π ± and K ± exchanges modified by the final strong interaction in the S and D 2 waves and the direct transitions of the resonances in two photons are taken into account,
threshold to provide for the observed smallness of the ππ scattering length a 0 0 and the Adler zero in T 0 0 (s) at s ≈ m 2 π /2 (Achasov and Shestakov, 1994a, 2007; Kiselev, 2006, 2007a) . |T 0 0 (s)| reaches the unitary limit in the 0.85-0.9 GeV region and has the narrow deep (practically up to zero) right under the KK threshold caused by the destructive interference of the f 0 (980) resonance contribution with the large smooth background. It is established also that the ππ scattering in the I = 0 channel is elastic up to the KK channel threshold in the very good approximation, but directly above this the inelasticity η 0 0 (s) shows the sharp jump due to the production of the f 0 (980) resonance coupled strongly with the KKchannel. 19 See, in addition, Mennessier, 1983; Achasov and Shestakov, 1988 , 1994b (12) and (13) for amplitudes γγ → π 0 π 0 .
(here d The first terms in the right sides of Eqs. (10) and (11) are the Born helicity amplitudes γγ → π + π − corresponding the point-like one-pion exchange mechanism (see Fig. 8 ). Their explicit forms are adduced in Appendix A. The terms in Eqs. (10) and (12), containing the
amplitudes, take into account the final state strong interaction in the S wave. Eqs. (10) and (12) (10) and (12), caused by the direct coupling constants of σ 0 (600) and f 0 (980) with photons, and the f 2 (1270) production amplitude M γγ→f2(1270)→π + π − (s) = M γγ→f2(1270)→π 0 π 0 (s) in Eqs. (11) and (13) 
(s)
where A(s) and B(s) the real functions. 21 Eqs. (14) and (15) show that at one with the Watson theorem the phases of the S wave amplitudes γγ → ππ with I = 0 and 2 coincide with the phases of the ππ scattering δ 0 0 (s) and δ 2 0 (s), respectively, in the elastic region (below the KK threshold).
We use the following notation and normalization
σ λJ andσ λJ denote the corresponding partial cross sections. Before fitting data it is helpful to center on a simplified (qualitative) scheme of their description.
In Fig. 13 (a) (from Achasov and Shestakov, 2008a) are adduced the theoretical curves for the cross section σ = σ 0 + σ corresponding to the simplest variant of the above model in which only the S wave Born amplitudes γγ → π + π − and γγ → K + K − are modified by the pion and kaon final state strong interaction 22 . This modification results in appearing the f 0 (980) resonance signal in σ 0 , the value and shape of which agree very well with the Belle data, see Fig. 13(a) . From comparing the corresponding curves in Figs. 13(a) and 7(a) it follows that the S wave contribution to σ(γγ → π + π − ; | cos θ| ≤ 0.6) is small at √ s > 0.5 GeV in any case. It is clear that the f 2 (1270) resonance contribution is the main element required for 23 In view of the fact that no fitting parameters are used for the construction ofσ 0 , one should accept that the agreement with the data is rather well at √ s ≤ 0.8 Gev, i.e., in the σ(600) resonance region. It is clear also that at √ s > 0.8 GeV the f 2 (1270) resonance responsibility region begins.
So, already at this stage it emerges the following. First, if the direct coupling constants of σ(600) and f 0 (980) with γγ are included in fitting their role will 23 Note that the step of √ s for the Crystal Ball and Belle data, shown in Fig. 13(b) , is 50 MeV and 20 MeV respectively. be negligible in agreement with the four-quark model prediction Shestakov, 1982a, 1982b) . Second, by Eqs. (10) and (12) the σ(600) → γγ and f 0 (980) → γγ decays are described by the triangle loop rescattering diagrams Resonance → (π 
24 exerts the essential effect on the resulting shape of the f 0 (980) signal, as indicated by Fig. 14(a) . As for the Born contributions, their influence on on the resulting shape of the f 0 (980) signal is small, see Fig. 14(b) .
Once more notable fact lies in the drastic change of the f 0 (980) production amplitude γγ old,i.e., in the f 0 (980) resonance region, see Fig. 15 .
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Such a behavior of the f 0 (980) two-photon production amplitude reduces strongly the left slope of the the f 0 (980) peak defined by the resonance amplitude
That is why one cannot approximate the f 0 (980) → γγ decay width by a constant even in the region m f0 -Γ f0 /2 ≤ √ s ≤ m f0 + Γ f0 /2 (Achasov and Shestakov, 2005). So, the above consideration teaches us that all simplest approximations of the f 0 (980) signal shape observed in the γγ → π + π − and γγ → π 0 π 0 cross sections can give only a rather relative information on the f 0 (980) state two-photon production mechanism and the f 0 (980) parameters.
Fortunately, the already current knowledge of the dynamics of
strong interaction amplitudes allows to advance in understanding the signals about the light scalar mesons which the data on the γγ → ππ reaction send to us. In fitting data we use the model for the T 0 0 (s) and T K + K − →ππ (s) amplitudes which was suggested and used for the joint analysis of the data on the π 0 π 0 spectrum mass in the φ → π 0 π 0 γ decay, the ππ scattering at 2m π < √ s < 1.6 GeV and the ππ → KK reaction Kiselev, 2006, 2007a) . The T 0 0 (s) model takes into account the contributions of the σ(600) and f 0 (980) resonances, their mixing, and the chiral background with the large negative phase which shields the σ(600) resonance (see additionally Shestakov, 1994a, 2007) . Eqs. (10) and (12) transfer the effect of the chiral shielding of the σ(600) resonance from the ππ scattering into the γγ → ππ amplitudes. This effect are demonstrated by Fig. 16(a) with the help of the ππ scattering phases δ res (s), δ cross section nearby the threshold would be not 5 − 10 nb but approximately 100 nb due to the π + π − loop mechanism of the decay σ(600) → γγ (Achasov and Shestakov, 2007) . The width decay corresponding to this mechanism, Γ σ→π + π − →γγ (s), is shown in Fig. 16(d) , see also Eq. (51) in Appendix A.
By Kiselev (2006, 2007b) , 
The amplitudes of the σ(600) -f 0 (980) resonance complex in Eqs. (10), (12), (20), (22), and (23) 
, (27) where Table  1 from this paper. 26 We also put η The amplitudes of the f 2 (1270) resonance production in Eqs. (11) and (13) are
The main contribution in its total width Γ tot f2 (s) = Γ f2→ππ (s) + Γ f2→KK (s) + Γ f2→4π (s) is given by the ππ partial decay width
where D 2 (x) = 9 + 3x The amplitude G 2 (s) in Eq. (28) describe the coupling of the f 2 (1270)-resonance with the photons, 
[here the s 2 factor, and also the s factor in Eq. (27), is caused by the gauge invariance requirement]. The second term in G 2 (s) corresponds to the rescattering f 2 (1270) → π + π − → γγ with the real pions in intermediate state 27 and ensure the fulfillment of the Watson theorem requirement for the amplitude γγ → ππ with λ = J = 2 and I =0 under the first inelastic threshold. This term gives a small contribution, less then 6%, in Γ f2→γγ (m 2 f2 ).
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The simplest approximation (32) of the main contribution, Γ (0) f2→γγ (s), in the f 2 (1270) → γγ decay width is completely adequate to the current state of both theory and experiment.
The parameter Γ (32) accumulates effectively lack of knowledge of the values of the amplitudes responsible for the f 2 (1270) → γγ decay. By the above reasons, see Subsection III. C. 2., it is generally agreed that the direct quark-antiquark transition→ γγ dominates in the f 2 (1270) → γγ decay and its amplitude is characterized by the g f2γγ coupling constant. As shown in (Achasov and Shestakov, 1988 , 2008a , 2008b ) and as we state here step by step, the situation is quite different in the case of the light scalar mesons. Now everything is ready to come to the discussion of fitting the Belle data on the γγ → π + π − and γγ → π 0 π 0 cross sections which was carried out in Shestakov, 2008a, 2008b) . One considers firstly fitting the γγ → π 0 π 0 cross section only, see Fig. 17(b) , which has the smaller background contributions under the f 0 (980) and f 2 (1270) resonances then the γγ → π + π − cross section, compare Figs.
17(a) and 17(b). The solid curve in Fig.  17(b) , describing these data rather well, corresponds the following parameters of the model: 27 That is, it corresponds to the imaginary part of the f 2 (1270) → π + π − → γγ amplitude. 28 As for a real part of the f 2 (1270) → π + π − → γγ amplitude, its modulus is far less than the one of the direct transition amplitude as different estimations show. 
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The fitting indicates smallness of the direct coupling constants g
σγγ and g
f0γγ | 2 /(16πm f0 ) = 0.008 keV, in accordance with the prediction Shestakov, 1982a, 1982b) . 30 The dominant rescattering mechanisms give the σ(600) → π + π − → γγ width ≈ (1 -1.75) keV in the region 0.4 < √ s < 0.5 GeV, see Fig. 16(d) (Achasov and Shestakov, 2007) , and the f 0 (980) → K + K − → γγ width ≈ (0.15 − 0.2) keV averaged over the resonance mass distibution (Achasov and Shestakov, 2005) .
But such a fitting of the γγ → π 0 π 0 cross section comes into conflict with the data on γγ → π + π − , see solid curve for σ = σ 0 + σ 2 in Fig. 17(a) . This is connected with the large Born contribution in σ 2 and its strong constructive (destructive) interference with the f 2 (1270) resonance contribution at √ s < m f2 ( √ s > m f2 ), which are absent in γγ → π 0 π 0 . We faced this challenge in (Achasov and Shestakov, 2008a ) and ibidem suggested the following solution. Matters can be improved by the introduction of the common cutting form factor in the 29 The formally calculated errors in the significant parameters of the model are negligible due to the high statistical accuracy of the Belle data. The model dependence of adjustable parameter values is the main source of their ambiguity. 30 One notes that the small values of these coupling constants are grasped in fitting due to the interference of the M direct res (s) amplitude, see Eqs. (10), (12) , and (27) , with the contributions of the dominant rescattering mechanisms. In such a case not the specific above values of g 
point-like Born amplitudes γγ
, where t and u are the Mandelstam variables for the γγ → π + π − reaction. 31 To show this we use, as an example, the expression for G(t, u) suggested by Poppe (1986) 
31 Such a natural modification of the point-like Born contribution was discussed in connection with the data on the γγ → π + π − (Poppe, 1986; Morgan and Pennington, 1987, 1988; Boyer et al., 1990; Behrend et al., 1992) and γγ → K + K − (K 0K 0 ) reactions Shestakov, 1992, 1994b) . But only the problem of the consistent description of the Belle data on γγ → π + π − and γγ → π 0 π 0 indicates the modification need of the Born sector of the model unambiguously Shestakov, 2008a, 2008b) .
where x 1 is a free parameter. This ansatz is quite acceptable in the physical region of the γγ → π + π − reaction. Replacing m π + by m K + and x 1 by x 2 we obtain also the form factor for the Born amplitudes γγ → K + K − .
The solid curves for σ = σ 0 + σ 2 andσ =σ 0 +σ 2 in Fig. 18(a) and 18(b) show the consistent fitting of the data on the γγ → π + π − cross section in the region 0.85 < √ s < 1.5 GeV and on the γγ → π 0 π 0 cross section in the region 2m π < √ s < 1.5 GeV with the form factors modificating the point-like Born contributions. The obtained description is more than satisfactory to within the Belle systematic errors which are shown in Figs. 18(a) and 18(b) by means of the shaded bands. We believe that such a fitting is completely adequate for the statistic errors of both Belle measurements are so small that to obtain the formally good enough value of χ 2 in the combined fitting of the π + π − and π 0 π 0 data in the wide regions of √ s without taking the systematic errors into consideration is practically impossible. 32 The curves in Fig. 18 corresponds the following values of the parameters: 32 At the same time we emphasize that the considerable systematic errors, the sources of which are described in detail in (Mori et al., 2007a (Mori et al., , 2007b Uehara et al., 2008) , do not depreciate the role of the high statistics of the data, which allows to resolve the small local effects connected with the f 0 (980) resonance manifestation. 33 Our f 2 (1270) two-photon width (3.83 keV) is more than the PDG fit (2.7 keV). A plausible reason of this difference is the fact that we calculate the background under the f 2 (1270) resonance theoretically. It is interesting that our similar treatment (Achasov and Shestakov, 1988) of the Crystal Ball data on the γγ → π 0 η reaction (Antreasyan et al., 1986) gave for the two-photon width of the a 2 (1320) resonance the value 1.3 keV greater than the PDG average 1 keV keeping the goldmodel relation 25:9. 34 Notice that the point-like ω and a 2 (1320) exchanges in the γγ → π 0 π 0 and γγ → π + π − amplitude, respectively, which give the contributions (mainly the S wave one) in the cross section, runaway with increasing the energy and comparable with the f 2 (1270) resonance contribution even in its energy region, are not observed experimentally. This was puzzled out in our paper (Achasov and Shestakov, 1992) with the γγ → π 0 η example. The proper reggezation of the point-like exchages with the high spins reduces the dangerous contributions greatly. In addition, the cancelations between the ω and h 1 (1170) exchanges in γγ → π 0 π 0 and the a 2 (1320) and a 1 (1260) exchanges in γγ → π + π − take place. As to the ρ exchange in γγ → ππ, its contribution is small for g 2 ρπγ ≈ (1/9)g 2 ωπγ and canceled ad-E. Conclusion: Two-Photon Decays on the Nature of the σ(600) and f0(980) mesons
Thus the physics of the two-photon decays of the light scalar mesons acquires the rather clear outline. The mechanism of their decays into γγ does not look like the mechanism of the classic tensormeson decays, which is the direct annihilation→ γγ. The light scalar meson decays into γγ are suppressed in comparison with the the tensor meson ones. They are caused by the rescattering mechanisms, i.e., by the four-quark transitions σ(600 First of all it is clear that when we deal with resonances accompanied by fundamental background, when two-photon decay widths change sharply in the resonance region for close inelastic thresholds, then there is no point in discussing the two-photon width in the resonance peak.
In this connection it is interesting to consider the cross section γγ → π + π − caused only the resonance contributions, i.e.,
[see Eqs. (10) and (25)- (27)], where the function I π + π − (s; x 1 ) and I K + K − (s; x 2 ) are the analogs of the I π + π − (s) and I K + K − (s) functions constructed with taking the form factors into account, see Appendixes A and C. Fig.  19 shows the dependence of the σ res (γγ → π + π − ; s) cross section, multiplied by the factor 3s/(8π 2 ), on the energy. In and around 1 GeV there is the impressive peak from the f 0 (980) resonance due to the inelastic γγ → K + K − → π + π − rescattering in the main. Following (Achasov and Shestakov, 1988 , 2008b one determines the f 0 (980) → γγ decay width averaged over the resonance mass distribution in the ππ channel
This value is the adequate functional characteristic of the coupling of the f 0 (980) with γγ. For the presented comditionally by the b 1 (1235) one. 2 )]σ res (γγ → π + π − ; s) expression, shown in Fig. 19 , is the manifestation of the correction for the finite width in the propagator of the scalar resonance. In Appendix A there are adduced the transparent explanation of this phenomenon. In the total S wave amplitude γγ → ππ such a threshold enhancement is absent due to shielding the resonance contribution in the amplitude T 0 0 (s) by the chiral background one, see, for example, Fig. 18(b) .
The above examples, each in its manner give to feel clear the nontriviality of accessing information about the σ(600) and f 0 (980) decays into γγ. For instance, to determine Γ σ→γγ (m 2 σ ) directly from data is impossible for the cross section in the σ region is formed by both resonance and compensating background. The specific dynamic model of the total amplitude needs to their separation. The simple Breit-Wigner is not enough here.
As for the f 0 (980) resonance, experimenters began to take into consideration two from three important circumstances (Mori et al., 2007a (Mori et al., , 2007b ; Uehara et al., 2008; see also Amsler et al., 2008) , for which we drew attention in (Achasov and Shestakov, 2005) . Firstly, there was taken account the correction for the finite width due to the coupling of f 0 (980) with KK channel in the f 0 (980) resonance propagator, which effects essentially on the shape of the f 0 (980) peak in the ππ channel. Secondly, there was taken into account the interference of the f 0 (980) resonance with the background though in the simplest form. But no model was constructed for the f 0 (980) → γγ decay amplitude which was approximated simply by a constant (Mori et al., 2007a (Mori et al., , 2007b Uehara et al., 2008) . Fitting data in this way the Belle collaboration extracted the values for Γ f0→γγ (m 2 f0 ) presented in Table IV . But the discussion needs how to understand these values. First and foremost, one cannot use them for determining a coupling constant g f0γγ in a effective lagrangian, i.e., a constant of the direct transition f 0 (980) → γγ, because such a constant is small and does not determine the f 0 (980) → γγ decay, as shown above. Until the model of the f 0 (980) → γγ decay amplitude is not specified, a meaning of the Γ f0→γγ (m 2 f0 ) values, extracted with the help of the simplified parametrization, is rather vague.
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In principle the Γ f0→γγ (m 2 f0 ) values in Table IV can be taken as the preliminary estimations of Γ f0→γγ , i.e., as the f 0 (980) → γγ decay width averaged over the hadron mass distribution (Achasov and Shestakov, 1988 , 2008b .
In the dispersion approach there are introduced usually the pole two-photon widths Γ R→γγ (pole), R = σ, f 0 to characterize the coupling σ(600) and f 0 (980) resonances with photons (see, for example, Morgan and Pennington, 1988, 1990; Boglione and Pennington, 1999 , Pennington, 2006; Pennington, Mori, Uehara, and Watanabe, 2008). These widths are determined through the modulli of the complex pole residues of the γγ → ππ and ππ → ππ partial amplitudes constructed theoretically. Basing on our investigation (Achasov and Shestakov, 2007) we would like to note the following. The residues of the above amplitudes are essentially complex and cannot be used as any coupling constants in a hermitian effective lagrangian. These residues are "dressed" by the background for they relate to the total amplitudes. As our analysis in the SU (2) L × SU (2) R linear σ-model (Achasov and Shestakov, 2007) indicated, the background effects essentially on the values and phases of the residues. Thus the focus on the values of the Γ R→γγ (pole) type in dispersion approach does not help to reveal the mechanism of the two-photon decays of the scalar mesons and so cannot shed light on the nature of the light scalars. Both Crystal Ball and JADE registered events of production of π 0 π 0 → γγγγ and π 0 η → γγγγ simultane- 35 The above comments are true also in the σ(600) resonance case. ously. Because of this, we cherish the hope for appearing the Belle data on the γγ → π 0 η reaction in the a 0 (980) and a 2 (1320) resonances with the statistics exceeding the former data in a hundred times like the γγ → π 0 π 0 Belle data. It is believed (see discussions in Shestakov, 1988, 1992 ) that in the γγ → π 0 η reaction the background conditions in the a 0 (980) region are rather favorable. In particular, the non-coherent background in the a 0 (980) region from the a 2 (1320) resonance in γγ → π 0 η should be one order of magnitude smaller than the non-coherent one in the f 0 (980) region from the f 2 (1270) resonance in Fig. 20(a) The reference theoretical curve for the γγ → [a 0 (980) + a 2 (1320)] → π 0 η cross section is given, which corresponds to the a 0 (980) resonance production by the γγ → K + K − → a 0 (980) → π 0 η rescattering and the a 2 (1320) resonance production by the direct coupling of a 2 (1320) with γγ (see Appendix B for details). In Fig. 20(b) The four-quark nature of the a 0 (980) and f 0 (980) resonances shows itself paradoxically in the γγ → KK reactions Shestakov, 1992, 1994b) . The a 0 (980) and f 0 (980) production is suppressed for the strong final state interaction in the γγ → K + K − reaction and in the γγ → K 0 K 0 one for the destructive the a 0 (980) and f 0 (980) interference.
A few words about the experimental situation. The γγ → K + K − and γγ → K The constructive and destructive interference between the f 2 (1270) and a 2 (1320) resonance contributions is observed in γγ → K + K − and γγ → K 0K 0 , respectively, in agreement with themodel (Faiman, Lipkin, and Rubinstein, 1975) . Notice that the region of the KK thresholds, 2m K < √ s < 1.1 GeV, sensitive to the S wave contributions is not investigated in fact. The sensitivity of the ARGUS experiment to the 
GeV are within 60 events. The absence of the considerable non-resonance background in the γγ → K + K − cross section seems at first sight rather surprising for the Born contribution comparable with the tensor resonance contributions, see Fig.  21 (c). As seen from this figure, the S wave contribution dominates in the Born cross section at √ s < 1.5 GeV.
One would think that the large non-coherent background should be under the tensor meson peaks in the
But taking account of the resonance interaction between the K + and K − mesons in the final state results in the cancelation of the considerable part of this background Shestakov, 1992, 1994b ). The principal point is that the Born S wave γγ threshold and provide it with the considerable imaginary part for the strong coupling with the KK channels in the four-quark scheme. As a result the |ξ(s)| 2 factor is considerably less than 1 just above the K + K − threshold and the seed S wave Born contribution is considerably reduced in the wide region of √ s. The dotted curve in Fig. 21(c) represents the estimation of the S wave γγ → K + K − cross section obtained in the model under consideration with taking the form factor into account (see details in Appendix C). This estimation agrees with obtained earlier Shestakov, 1992, 1994b) .
So one can hope to detect in the partial wave analysis of the γγ → K + K − reaction at 2m K + < √ s < 1.1 GeV the scalar contributions at the rate of about 5-10 nb. As for the γγ → K 0K 0 reaction, its amplitude has not the Born contribution and the a 0 (980) resonance contribution has the opposite sign in comparison with the γγ → K + K − channel. As a result the contributions of the S wave γγ → K + K − → K 0K 0 rescattering amplitudes with the isotopic spin I = 0 and 1 practically cancel each other and the the corresponding cross section should be at the rate of about < ∼ 1 nb.
(
In this case the numerical integration needs certainly.
To make easy understanding the structure and normalization of the sufficiently complicated expressions used in fitting data, one adduces the formulae of the σ production due to the γγ → π + π − → σ → π + π − rescattering and its two-photon decay in the imaginary case of the solitary scalar σ resonance coupled only to the ππ channel.
The corresponding resonance cross section has the familiar form
where
If σ can else directly transit into γγ with the amplitude sg
σγγ then the width Γ σ→π + π − →γγ (s) in (50) should be replaced by
where M σ→γγ (s) = M σ→π + π − →γγ (s) + sg
σγγ .
The propagator of the σ resonance with the m σ BreitWigner mass in (50) has the form (Flatte, 1976) , are shown by the dotted and dashed-dotted curves, respectively, at the same values of m σ and Γ σ . 36 (taken with the sign minus) 37 The references to papers, in which the corrections for the finite widths and the analytic properties of the propagators of the realistic f 0 (980), a 0 (980), and σ(600) resonances, are pointed out in Section II. In connection with the γγ → π 0 η and γγ → ππ reaction these corrections are discussed also in the papers Shestakov, 1988, 2005) . 38 (also taken with the sign minus) B. γγ → π 0 η
Below are the formulae which were used in graphing the curves in Fig. 20 . The helicity amplitudes M 0 (γγ → π 0 η; s, θ) and M 2 (γγ → π 0 η; s, θ), caused by the a 0 (980) and a 2 (1320) resonance production respectively, are M 0 (γγ → π 0 η; s, θ) = M 00 (γγ → π 0 π 0 ; s)
M 2 (γγ → π 0 η; s, θ) = 5d 
Their normalizations, the connections with the cross sections, are similar to the ones in Eqs. (16), (18), (28) and ( At s ≥ 4m (67) The dependence of the Γ a0→K + K − →γγ (s) width on √ s is shown in Fig. 20(b) and the its average was calculated in the following way Γ a0→K + K − →γγ πη 
We put m a0 = 0.98 GeV, g 
where q πη (s) = √ sρ πη (s)/2, D 2 (x) = 9 + 3x 2 + x 4 and R a2 = 5.07 GeV −1 (or 1 fm). 
The corresponding cross sections are given by
and 
where t 
T KK res (s) = σγγ ∆ f0 (s) + g
where g
a0γγ is the direct coupling constant of the a 0 (980) with γγ. When estimating the S wave γγ → K + K − cross section, see the dotted curve in Fig. 21(c) , the amplitudes of the direct resonance transitions into photons were disregarded.
